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1. Introduction

Noble-metal nanocrystals play a pivotal role in enabling
heterogeneous catalysis for energy conversion, environmental
protection, and organic synthesis.[1–3] However, it is often
a challenging task to elucidate the mechanism associated with
a catalytic reaction. Part of the difficulty arises from the lack
of in situ methods capable of detecting the molecular species
at the catalytically active sites under operando conditions.
Vibrational spectroscopy, known for its incredible sensitivity
towards molecular structure and bonding, offers immediate
advantages in achieving a molecular-level understanding of
the catalytic reaction that takes place at the liquid–solid or
gas–solid interface. To this end, infrared reflection–absorp-
tion spectroscopy (IRAS) and sum frequency generation
(SFG) spectroscopy have been reported.[4, 5] Unfortunately,
both techniques inherit intrinsic problems that include low
detection sensitivity, limited range of wavenumbers, interfer-
ence from the bulk phase, and inability to detect some
vibrational modes because of surface-selection rules.

Surface-enhanced Raman spectroscopy (SERS) offers an
alternative, powerful tool for the identification of molecular
species on nanostructured metals and related catalytic
interfaces by fingerprinting their vibrational modes.[6–8] It
embraces remarkable detection sensitivity down to the single-
molecule level, making it favorable for not only capturing
subtle changes to the co-existing species but also detecting
reaction intermediates at low concentrations. This technique
is built upon the localized surface plasmon resonance (LSPR)
properties of nanocrystals made of plasmonic metals, such as
Au, Ag, Cu, and their alloys.[9, 10] When a chemical reaction
occurs in close proximity to the surface of a plasmonically
active nanocrystal, preferably on the hot spots, it is feasible to
follow the reactants, products, and intermediates in situ and
under operando conditions by SERS, and even gain the
kinetic information.

Nanocrystals made of plasmonic metals could directly
serve as bifunctional probes to catalyze reactions while
reporting on the chemical species involved by SERS. These
plasmonic metals, however, are only active towards a limited
number of catalytic reactions when compared with the

platinum-group metals (PGMs) such
as Pt, Pd, and Rh. In principle, this
problem can be addressed by taking
one metal from each category to
develop a bimetallic system with inte-
grated plasmonic and catalytic proper-
ties. In terms of detection, the reactant
and product molecules should be posi-
tioned in close proximity to the surface
of a bifunctional nanocrystal (ideally,
at the hot spots) through chemical
bonding and/or physical interaction.
The characteristic Raman bands of the
chemical species involved also need to
be well separated from each other to
enable their changes to be monitored
as a function of time. Taking all these
factors into consideration, the reduc-

tion of 4-nitrothiolphenol (4-NTP) and oxidation of 4-amino-
thiophenol (4-ATP) have become two popular systems for
testing the bifunctional nanocrystals.[11–15] To a lesser extent,
in situ SERS have also been used to investigate other
reactions, including the degradation of Rhodamine 6G[16]

and hydrodechlorination of 1,1-dichloroethene.[17]

We start with a brief discussion of four strategies for the
rational design and fabrication of bifunctional nanocrystals
that have the capability to simultaneously catalyze and report
on chemical reactions. We demonstrate the premise that these
nanocrystals can be used in elucidating the mechanistic details
of a catalytic process by using the reduction of 4-NTP and
oxidation of 4-ATP as two model reactions. We conclude this
Minireview with perspectives on the future development of
such bifunctional nanocrystals into a robust platform for
various catalytic applications.

2. Design and Preparation of Bifunctional
Nanocrystals

Weaver and Tian pioneered the use of SERS to inves-
tigate catalytic reactions on roughened noble-metal electro-
des or colloidal particles decorated with catalytic metal
nanoparticles of 1–2 nm in size.[18, 19] They demonstrated the
capability to monitor the adsorption of catalytically signifi-
cant molecules, such as methanol, ethylene, and carbon
monoxide, as a function of electrode potential. Later, Wong
and Halas reported in situ monitoring of Pd-catalyzed hydro-
dechlorination of 1,1-dichloroethene on a thin film of Pd-Au
nanoshells by SERS.[17] Although these studies demonstrated
the premise of SERS in analyzing catalytic reactions with
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reasonable wavenumber and temporal resolutions, the bifunc-
tional probes remained to be optimized in terms of catalytic
and plasmonic properties.

Nanocrystals made of plasmonically active metals can
exhibit dual-functionality albeit the reactions that can be
catalyzed by these metals are rather limited. Adding a second
metal from PGMs, can substantially increase the choice of
catalytic reactions. Ideally, the catalytic component should be
placed at the SERS hot spots to maximize the detection
sensitivity. In addition, the bifunctional probes should be
prepared using a modular approach to enable easy optimiza-
tion and integration of various types of catalytic and/or
plasmonic metals for a broad range of applications. Figure 1
outlines four typical examples of the bifunctional nanocrystals
that are presented herein. The first two examples are built
around the particles whose SERS hot spots coincide with
sharp features on the surface, including the steps/kinks on Au

porous nanocrystals[20] and the edges on Ag nanocubes.[21]

Alternatively, the other two examples rely on the creation of
SERS hot spots at the junction between two or more Au
nanospheres[22] or in the gap between a Ag-coated sharp tip
and an atomically flat Au substrate.[23] Note that the catalytic
component can be readily introduced in the atomic form
through seed-mediated overgrowth (Figure 1A,B). It can also
be added through colloidal assembly (Figure 1C) or created
at the apex of an atomic force microscopy (AFM) tip
(Figure 1D).

2.1. Au Porous Nanocrystals

Gold nanocrystals embrace optimal plasmonic and cata-
lytic properties at two very different length scales. For
example, it was reported that the catalytic activity of Au
nanocrystals would be significantly improved when their size
is reduced down to 5 nm and below.[24,25] In contrast, Au
nanocrystals would embrace optimal LSPR and SERS
properties when their size is on par with the mean free path
of electrons in Au at the scale around 40 nm.[26] In principle,
by simply decorating the surface of 40-nm Au nanocrystals
with discrete Au islands of less than 5 nm in size, a bifunctional
system could be obtained with integrated SERS and catalytic
activities. This concept was demonstrated by Wang and co-
workers in the preparation of Au porous nanocrystals.[20] In
a typical process, as shown in Figure 2A, Au seeds are
dispersed in a reaction solution containing HAuCl4, ascorbic
acid (H2Asc), and cetyltrimethylammonium chloride (CTAC)
at room temperature.[27] It was argued that Au atoms derived
from the reduction by H2Asc would be deposited on the Au
seeds using seed-mediated synthesis. Figure 2B shows high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images recorded from four
different regions of the nanocrystal, from which under-
coordinated atoms can be identified at the steps and kinks
randomly distributed across the surface. These atoms could
catalyze the hydrogenation reaction of 4-nitrophenol while
the sharp features on the surface could also serve as SERS hot
spots.
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Figure 1. Schematic illustration showing four typical types of bifunc-
tional nanocrystals that have been developed for simultaneously
catalyzing and reporting on chemical reactions. A) porous nanocrys-
tals, B) bimetallic nanocubes, C) a binary mixture of nanospheres, D) a
coated tip to an atomically flat substrate. Reprinted with permission
from Ref. [20–23]. Copyright 2014 American Chemical Society, 2015
American Chemical Society, 2012 Wiley-VCH Verlag GmbH & Co., and
2012 Nature Publishing Group.
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2.2. Ag Nanocubes Decorated with Pd Frames

We reported the fabrication of Ag@Pd-Ag nanocubes in
a core-frame structure, with the catalytically active Pd being
deposited on the edges of Ag nanocubes to overlap with their
SERS hot spots.[21] Figure 3A shows the preparation of
Ag@Pd-Ag core-frame nanocrystals by co-titrating different
volumes of Na2PdCl4 and AgNO3 into a suspension of Ag
nanocubes in the presence of H2Asc and poly(vinylpyrroli-
done) (PVP) under ambient conditions. By simply varying the
titration volumes, we could control the amounts of Pd and Ag
atoms progressively deposited on the edges, corners, and then
side faces of the Ag nanocubes. Figure 3B shows a trans-
mission electron microscopy (TEM) image of the Ag@Pd-Ag
nanocubes at a titration volume of 0.2 mL for each precursor.
After incubation with H2O2 to selectively remove the Ag in
the core, Figure 3C shows the formation of nanoframes,
suggesting the localization of Pd to the edges and corners of
the Ag nanocubes. As shown in Figure 3D,E, the site-selected
deposition was also confirmed by HAADF-STEM and
energy-dispersive X-ray spectroscopy (EDS) mapping.

We demonstrated that co-deposition of Ag and Pd atoms
would help mitigate the damping effect of Pd on the SERS
activity of Ag nanocubes. Specifically, we used 1,4-benzene-
dithiol (1,4-BDT) as a probe molecule to evaluate the SERS
activity. By monitoring the benzene ring band of 1,4-BDT at
1562 cm�1, Figure 3 F shows reduction in peak intensity by 20,
30, 46, and 81 % as the titration volume for each precursor
was set to 0.1, 0.2, 0.3, and 0.5 mL, respectively. In compar-
ison, when the same method was followed, but in the absence
of AgNO3, Figure 3G shows a more drastic decrease in peak
intensity for the same band by 39, 64, 93, and 100 % at the
same titration volume for Na2PdCl4 only. Taken together, co-
titration could control the amounts of Pd and Ag being
deposited on the hot spots of Ag nanocubes and thus attain
the desired SERS activity for the Ag@Pd-Ag nanocubes. This
methodology should be extendable to the preparation of
other bimetallic nanocrystals comprising Ag or Au core and
Pd or Pt atoms in the frame, making it possible to monitor the
reactions catalyzed by Pd and Pt using SERS.

2.3. Binary Mixture of Au and Pt Nanocrystals

To achieve the dual-functionality, the plasmonic (Au or
Ag) and catalytic (Pt or Pd) nanocrystals can be prepared
separately and then be mixed and assembled into a bimetallic
system on a solid substrate. In this case, SERS hot spots can
be created between the two or more adjacent plasmonic
nanocrystals while the catalytic nanocrystals are positioned in
close proximity to the hot spots. Figure 4A shows a route
demonstrated by Kneipp and co-workers,[22] in which large Au
nanospheres and small Pt nanoparticles were separately
prepared through the reduction of HAuCl4 and H2PtCl6 by
sodium citrate and glucose/starch, respectively, at elevated
temperatures, followed by the simultaneous immobilization
of the as-prepared nanoparticles to form a binary mixture on
a solid substrate. Figure 4B shows a scanning electron
microscopy (SEM) image of the binary mixture deposited
on a glass slide, revealing both the 40 nm Au nanospheres and
less than 2 nm Pt nanocrystals on the surface.[22, 28, 29] Fig-
ure 4C shows a scanning tunneling microscopy (STM) image
of the binary mixture deposited on highly ordered pyrolytic
graphite (HOPG), confirming the SEM result. It was found
that continuous scanning of the STM tip would remove some
of the Pt nanoparticles, suggesting that these two types of
nanoparticles were not strongly linked to each other.

The SERS activity of the binary mixture was evaluated
using crystal violet as a probe. Based on the SERS spectra,
Figure 4D shows the calculated SERS enhancement at
different x- and y- positions, suggesting good homogeneity
in SERS signal across the surface. Interestingly, it was found
that such enhancement was comparable to that of the
substrate containing only Au nanospheres. In this case, the
introduction of Pt nanoparticles did not compromise the
SERS activity of the Au nanospheres, which is completely
different from the example (in Section 2.2) in which the
deposition of Pd on the edges of Ag nanocubes would
deteriorate their SERS activity. The discrepancy could be
attributed to the difference in terms of the amount of Pd or Pt

Figure 2. A) Schematic illustration showing the synthesis of Au porous
nanocrystals. B) Atomic-level characterization of the Au porous nano-
crystals. The central panel shows a HAADF-STEM image of the
nanocrystal. The four surrounding panels show high-resolution
HAADF-STEM images taken from different regions marked on the
central panel. The insets in panel (i) and (iv) show the fast Fourier
transform (FFT) patterns of the corresponding images. Reprinted with
permission from Ref. [20]. Copyright 2014 American Chemical Society.
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deposited on each Au or Ag
nanocrystals. This facile and ver-
satile approach should be extend-
ible to the preparation of other
binary mixtures by simply mixing
catalytic active nanoparticles
made of Pt, Rh, or Ru with
plasmonically active Au or Ag
nanocrystals.

2.4. Tip-Enhanced Raman
Scattering

Although a binary mixture
consisting of Au (or Ag) and Pt
(or Pd) nanocrystals can serve as
a SERS substrate, the catalyti-
cally active Pt or Pd nanocrystals
are often randomly distributed in
close proximity to the hot spots
among adjacent Au nanospheres.
In comparison, tip-enhanced
Raman spectroscopy (TERS)
provides a solution to ensuring
the position of the catalytic sites
coincides with the hot spot.[30,31]

Figure 1D outlines the major
components needed for TERS,[23]

with the AFM tip typically coated
with a thin layer of Ag (or Au).
When the tip is positioned in
close proximity to a transparent
substrate, such as a Au nanoplate,
and then illuminated with light
from underneath, a strong elec-
tric field will be induced at the
apex of the tip, together with
strong plasmonic coupling be-
tween the tip and the Au sub-
strate, leading to significantly en-
hanced Raman scattering signals
from molecules pre-immobilized
on the Au surface.[31] In addition
to remarkable sensitivity, TERS
offers high spatial resolution (�
10 nm), as defined by the sharp-
ness of the AFM tip, for monitor-
ing catalytic reactions occurring
in a region with a length scale
well below the optical diffraction
limit. Unfortunately, TERS mea-
surement is often conducted in
the dry state, making it less ver-
satile for monitoring solution-
phase reactions.

Figure 3. A) Schematic illustration showing the preparation of Ag@Pd-Ag nanocubes by co-titration of
two metal precursors. TEM images of the as-prepared Ag@Pd-Ag nanocubes B) before and C) after
etching with 2.3% aqueous H2O2. D) HAADF-STEM and E) EDS mapping images (red Pd; blue Ag) of
a Ag@Pd-Ag nanocube shown in (B). SERS spectra of 1,4-BDT on F) Ag@Pd-Ag nanocubes prepared
with the co-titration of Na2PdCl4 and AgNO3 and G) Ag@Pd nanocubes prepared with the titration of
Na2PdCl4 only. Reprinted with permission from Ref. [21]. Copyright 2015 American Chemical Society.

Figure 4. A) Schematic illustration showing the preparation of a binary mixture of Au and Pt nano-
particles on a glass substrate. B) SEM and C) STM images of the binary mixture. D) Distribution of the
calculated SERS enhancement factors measured at different locations of a binary mixture. Adapted
with permission from Ref. [22]. Copyright 2012 Wiley-VCH Verlag GmbH & Co.

Angewandte
ChemieMinireviews

6 www.angewandte.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 2 – 13
� �

These are not the final page numbers!

http://www.angewandte.org


3. Probing Catalytic Reactions on Bifunctional
Nanocrystals by SERS

When a catalytic reaction takes place on the surface of
a bifunctional nanocrystal, Raman spectra can be collected at
different time points to identify the molecular species
participating in the reaction and then follow the changes in
Raman peaks to study the reaction mechanism and kinetics.
Herein we focus on the reduction of 4-NTP and oxidation of
4-ATP as two model reactions to highlight the utility of these
bifunctional nanocrystals as a probe to analyze chemical
reactions by Raman spectroscopy.

3.1. Au Porous Nanocrystals as a Reduction Catalyst

Wang and co-workers used Au porous nanocrystals to
monitor the Au-catalyzed hydrogenation of 4-NTP by in situ
SERS.[20] In a typical experiment, they incubated Au porous
nanocrystals in an ethanol solution of 4-NTP overnight in an
attempt to generate a monolayer of 4-NTP on the surface of
Au. After the introduction of NaBH4, they collected SERS
spectra as a function of time under the excitation of a 785 nm
laser. Figure 5A shows the time-dependent SERS spectra. At

t = 0, the three characteristic bands at 1080, 1338, and
1571 cm�1 can be assigned to the nCS, nNO2, and nCC bands of
4-NTP, respectively. At t = 180 s, in addition to the bands
associated with 4-NTP, three new peaks emerged at 1140,
1388, and 1432 cm�1 with their assignment to the nCN + bCH,
nNN + nCN, and nNN + bCH bands of trans-4,4-dimercaptoazo-
benzene (trans-DMAB), respectively. Starting from t = 240 s,
a new peak appeared at 1590 cm�1 with its assignment to the
nCC band of 4-ATP. At t = 300 s, only the nCC band of 4-ATP
and the nCS band remained in the SERS spectrum, suggesting
completion of the hydrogenation reaction in a time frame of
300 s. Figure 5 B shows a summary of the peak intensities as
a function of time for the nNO2, nNN + bCH, nCC, and nCS bands at
1334, 1432, 1590, and 1080 cm�1, respectively, from which
mechanistic insights could be gained. As illustrated in Fig-
ure 5C, surface-hydrogen species were supposed to be
generated from the interaction between BH4

� and Au, leading
to an induction period during which there were no changes to
the peak intensity of the nNO2 band. Next, the different time
points for the onset of trans-DMAB (nNN + bCH) and 4-ATP
(nCC) suggest that the reduction of 4-NTP on the Au surface by
the surface-hydrogen species led to the formation of trans-
DMAB and 4-ATP as the intermediate and product, respec-
tively. Finally, 4-ATP desorbed from the Au surface due to the

Figure 5. A) Time-dependent SERS spectra collected from the 4-NTP-functionalized Au porous nanocrystals before and after adding NaBH4.
B) The intensity of four Raman bands as a function of time. The error bars represent the standard deviations based on five experimental
measurements. C) Schematic illustration of the reaction mechanism proposed to account for the reduction of 4-NTP by NaBH4 on the Au surface.
Reprinted with permission from Ref. [20]. Copyright 2014 American Chemical Society.
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presence of BH4
� , resulting in the decay for the intensity of

both nCS and nCC bands.

3.2. Ag@Pd-Ag Core-Frame Nanocubes as Dual Catalysts

We demonstrated the use of Ag@Pd-Ag nanocubes as
a dual catalyst for in situ SERS monitoring the Pd-catalyzed
reduction of 4-NTP by NaBH4 and the Ag-catalyzed oxida-
tion of 4-ATP to trans-DMAB by the O2 from air.[21, 32] In
a typical experiment, the as-prepared bimetallic nanocubes
were incubated with a 4-NTP solution in ethanol at room
temperature for 1 h prior to the SERS measurements in liquid
phase under the excitation of a 532 nm laser. Figure 6 A shows
the time-dependent SERS spectra collected from the 4-NTP-
functionalized Ag@Pd-Ag nanocubes containing 2.2 wt % of
Pd. At t = 0, the three characteristic peaks of 4-NTP appeared
in the SERS spectrum. After the introduction of NaBH4 for
2 min, the nNO2 band was shifted from 1336 to 1330 cm�1,
suggesting the onset of chemical reduction. At t = 6 min, the

nCC band of 4-ATP emerged at 1595 cm�1 as a shoulder peak.
As the reaction continued to t = 20 and then t = 30 min, the
nCC band of 4-ATP increased in intensity as the three bands
associated with 4-NTP decreased in intensity. By t = 40 min,
all the bands of 4-NTP disappeared and the remaining peaks
can be assigned to the nCS and nCC of 4-ATP, respectively.
Different from the case of Au porous nanocrystals, no trans-
DMAB was observed as an intermediate. Likely, the Pd-
catalyzed reduction of trans-DMAB to 4-ATP was much
faster than that of 4-NTP to trans-DMAB, making it difficult
to capture the trans-DMAB intermediate. Another possibility
is that the reaction could proceed through the direct route.[33]

During the next 20 min, the peak positions of the 4-ATP
bands remained the same but there was an increase in peak
intensity. Interestingly, at t = 70 min, the SERS spectrum
showed the characteristic bands of trans-DMAB. The SERS
spectra remained essentially the same up to t = 90 min, except
for a slight increase in intensity.

To confirm the Pd-catalyzed reduction of 4-NTP by
NaBH4, Ag@Pd-Ag nanocubes were replaced with Ag nano-

Figure 6. Time-dependent SERS spectra collected from 4-NTP-functionalized A) Ag@Pd-Ag nanocubes and B) Ag nanocubes before and after
adding NaBH4. C) Mechanism proposed to account for the stepwise Pd-catalyzed reduction of 4-NTP and Ag-catalyzed oxidation of 4-ATP.
Reprinted with permission from Ref. [21,32]. Copyright 2015 American Chemical Society and 2016 Wiley-VCH Verlag GmbH & Co.
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cubes as catalysts while leaving the other experimental
parameters unaltered. As shown in Figure 6B, the SERS
spectrum remained essentially the same after 60 min after the
introduction of NaBH4, suggesting that Ag is not a good
catalyst. It is worth noting that Ag@Pd-Ag nanocubes could
not convert 4-NTP into 4-ATP in the absence of NaBH4,
ruling out the involvement of a photo-induced catalytic
process under 532 nm laser excitation.

Based on the SERS data, Figure 6C outlines a proposed
mechanism. Initially, the 4-NTP molecules chemically ad-
sorbed on the Ag surface through the Ag�S linkage. Likely,
the molecules are orientated with a configuration more or less
parallel to the surface to accommodate the formation of trans-
DMAB. When NaBH4 is introduced, it will decompose for the
generation of H2, followed by the adsorption and dissociation
of H2 on the Pd surface to generate H atoms. The atomic
hydrogen can rapidly convert 4-NTP into 4-ATP through the
Pd-catalyzed reduction. Next, the 4-ATP molecules remain
on the surface until the NaBH4 is completely decomposed in
the reaction solution to cut off the supply of H2. Finally, the
Ag surface activates the O2 from air, producing trans-DMAB
through the Ag-catalyzed oxidation of 4-ATP.

3.3. Binary Mixture of Au and Pt Nanoparticles for Kinetic
Analysis

Kneipp and co-workers used a binary mixture of Au and
Pt nanoparticles to analyze the kinetics of Pt-catalyzed

reduction of 4-NTP to 4-ATP by NaBH4 using SERS.[22] To
obtain kinetic information from the intensities of peaks in the
SERS spectra, they introduced another molecular probe, such
as 2-naphthalenethiol (2-NT), to the surfaces of Au as an
internal reference to allow relative quantification. It was
argued that the adsorption of 2-NT on the Au surface should
not be affected by NaBH4. In a typical study, a glass substrate
covered by the binary mixture of nanoparticles was immersed
in a solution containing 4-NTP and 2-NT for 1 h before SERS
measurements. Figure 7A shows the time-dependent SERS
spectra of 4-NTP and 2-NT before and after the introduction
of NaBH4 solution under the excitation of a 785 nm laser. The
two characteristic nCS bands at 724 and 390 cm�1 were used for
the identification and quantification of 4-NTP and 4-ATP,
respectively, with the peak of 2-NT located at 599 cm�1

serving as an internal reference.[34] After the introduction of
NaBH4 for 60 s, the 4-ATP band at 392 cm�1 emerged,
indicating the production of 4-ATP from 4-NTP. As time
elapsed to 300 s, the band of 4-ATP increased in intensity.
Based on the 4-NTP and 2-NT bands at 724 and 599 cm�1,
respectively, in the SERS spectra, Figure 7B plots the
logarithm of the ratio of the relative intensities of 4-NTP at
the beginning and at different time points of reaction over
a reaction period of 300 s. When NaBH4 was used in excess,
the reaction was assumed to follow pseudo-first-order kinet-
ics. As a result, a rate constant of 0.011 s�1 was obtained
through curve fitting. To understand the role of the immobi-
lization of Pt on the surface of Au in catalyzing the reduction
of 4-NTP, a control experiment was performed by using the

Figure 7. A) Time-dependent SERS spectra of 4-NTP- and 2-NT-functionalized binary mixture of Au nanoparticles and Pt nanoparticles before and
after the addition of NaBH4. B) and C) Based on the intensities of the 4-NTP and 2-NT bands at 724 and 599 cm�1, respectively, the logarithm of
the ratio of the relative intensities at the beginning and at different time points of reaction, t, when the Pt nanoparticles were B) immobilized on
the Au nanoparticles and C) dispersed in the reaction solution, respectively. Reprint with permission from Ref. [22]. Copyright 2012 Wiley-VCH
Verlag GmbH & Co.
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Au nanoparticles functionalized with 4-NTP and 2-NT as the
SERS substrate while the Pt nanoparticles were mixed with
NaBH4 solution to catalyze the reaction. Figure 7C shows the
data derived from the time-dependent SERS spectra, from
which a rate constant of 0.013 s�1 was obtained. Together,
these results suggest that the reduction of 4-NTP by NaBH4

followed the same reaction kinetics regardless whether the Pt
nanoparticles were positioned in close proximity to the Au
surface or simply dispersed in the solution. Similar to the Pd-
catalyzed reduction of 4-NTP using Ag@Pd-Ag nanocubes,
trans-DMAB was not detected as an intermediate. Collec-
tively, this work demonstrates the great promise of simply
mixing catalytically active nanoparticles, such as those made
of PGMs, with Ag/Au nanoparticles to bring a catalyst into
close proximity with the reactants adsorbed on the Ag or Au
surface for probing chemical reactions by in situ SERS and
then extracting the kinetic information.

3.4. TERS for Wavelength-Dependent Photocatalysis

Different from the in situ SERS monitoring of the
catalytic reaction of 4-NTP by NaBH4 in solution, Weckhuy-
sen and co-workers demonstrated the use of TERS for
probing the photocatalytic reduction of 4-NTP adsorbed on
Au nanoplates in the absence of NaBH4.

[23] As shown in
Figure 1D, two laser beams were used to activate the reaction
and then monitor the reaction at the catalytic site defined by
the apex of the tip. In a typical measurement, the TERS signal
was initially monitored under the excitation of a 633 nm laser,
followed by irradiation with a 532 nm laser for a given period
of time before the light source was switched back to 633 nm
laser for tracking the reaction in real time. Such a dual-
wavelength approach makes it possible to understand the
behavior of the 4-NTP adsorbed on the surface and the
photoreaction of 4-NTP independently. To achieve a stable

TERS signal before the reaction, it was important to prepare
a complete monolayer of 4-NTP on the surface of Au
nanoplates by immersing the Au nanoplates supported on
a glass slide in an ethanol-based 4-NTP solution for 24 h and
then completely drying the sample. Otherwise, incomplete
coverage of 4-NTP on the Au surface would contribute to the
fluctuation in TERS signal.

Figure 8A shows the time-dependent TERS spectra (in
the form of a heat map) of the 4-NTP adsorbed on Au
nanoplates recorded under the excitation of a 633 nm laser
during a reaction period of 400 s. Before illumination with
a 532 nm laser, the nNO2 band of 4-NTP showed good stability
over time, with no observation of trans-DMAB. Interestingly,
after irradiation with the 532 nm green laser, the bCH + nCN,
nNN + nCN, and nNN + bCH bands of trans-DMAB appeared.
Figure 8B shows two TERS spectra collected at t = 90 and
265 s, respectively, confirming the photo-catalyzed reduction
of 4-NTP for the production of trans-DMAB under the
irradiation of 532 nm laser. A reference TERS spectrum was
also collected from the glass substrate after the time-
dependent spectra to exclude any signal arising from possible
tip contamination. To understand the evolution of 4-NTP and
trans-DMAB on Au surface more quantitatively, Figure 8C
shows the relative peak area of the nNO2 band of 4-NTP at
1335 cm�1 and the nNN + bCH band of trans-DMAB at
1440 cm�1 as a function of time. Likely, the fluctuation in
TERS signal could arise from the change in the monolayer
structure of 4-NTP as a result of the production of one trans-
DMAB at the expense of two 4-NTP molecules through
dimerization. Taken together, TERS can be used to probe
a photo-catalyzed chemical reaction in real time while
spatially confining the catalytic reaction down to the nano-
meter scale.

Figure 8. A) Time-dependent TERS spectra at 633 nm excitation before and after 532 nm laser illumination. B) TERS spectra taken at 90 s and
265 s, together with a reference signal. C) Peak areas as a function of time for i) the 4-NTP band at 1335 cm�1 and ii) the trans-DMAB band at
1440 cm�1, respectively. Grey bar corresponds to 532 nm laser illumination. Reprinted with permission from Ref. [23]. Copyright 2012 Nature
Publishing Group.
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4. Conclusion and Outlook

Thanks to the progress in controlling the synthesis of
colloidal metal nanocrystals, recent years have witnessed the
successful development of bifunctional nanocrystals as
a unique probe for investigating the mechanisms of catalytic
reactions using SERS.[35] Although nanocrystals made of
plasmonically active metals can naturally serve as both
catalytic and SERS substrates, the range of catalytic reactions
to be probed can be greatly expanded by adding another
metal from PGMs to generate bimetallic nanocrystals. In this
Minireview, we have focused on four typical examples of
bifunctional nanocrystals with integrated SERS and catalytic
activities. The first example is a monometallic, Au-based
system whose plasmonic and catalytic activities have to be
optimized simultaneously by forming a porous structure with
multiple steps/kinks on the surface while its overall dimen-
sions are controlled at approximately 125 nm. The second
example shows how to deposit the atoms of a PGM on the
SERS hot spots of Ag nanocubes with an edge length of
40 nm to obtain bifunctional nanocrystals without drastic
damping on the LSPR property. The third example illustrates
how to introduce the PGM as nanocrystals in close proximity
to the SERS hot spots formed among plasmonic nanocrystals
through colloidal assembly. The fourth example can be
considered as a hybrid of the second and third systems, in
which the catalytic component is deposited on the apex of an
AFM tip and then brought into close proximity to another
plasmonic metal. Although we have focused on a limited
number of metals only, the approaches used in these four
examples should be extendible to other metals with plasmonic
and catalytic properties by modifying the methods.

In demonstrating the premise of bifunctional nanocrystals
in elucidating mechanistic details of catalytic reactions, we
have focused on the reduction of 4-NTP and oxidation of 4-
ATP as two model reactions. By collecting SERS spectra at
different time points, it is indeed possible to capture the
intermediates (e.g., trans-DMAB) involved in these reactions,
shedding light on the reaction pathway. In addition, it is
feasible to measure the reaction kinetics by following changes
to the intensities of the SERS peaks associated with either
reactants or products as a function of reaction time. In
principle, the same studies can also be applied to many other
catalytic systems as long as the reactants, products, and
possible intermediates have well-defined and differentiable
Raman peaks. It should be pointed out that SERS measure-
ment can be conducted in both solution and gas phases,
making the bifunctional nanocrystals well-suited as probes for
many different types of catalytic reactions.

Despite the success in exploring the bifunctional nano-
crystals to analyze catalytic reactions in situ by fingerprinting
the chemical species, a number of issues and challenges still
need to be addressed. First of all, it is often a difficult task to
unravel the reaction mechanism as a result of the inhomoge-
neity of a bifunctional nanocrystal in terms of composition,
structure, and reactivity. Both the catalytic sites and SERS hot
spots tend to undergo dynamic changes owing to the shape
instability of metal nanocrystals in a solution and the involve-
ment of random aggregation among the particles. The

ensemble-averaged data often makes it difficult to uncover
the relationship between the performance and structure of
a heterogeneous catalyst. To better confine chemical reac-
tions to the catalytically significant sites, other types of
bifunctional nanocrystals could be designed in the form of
nanoreactors. For example, two Ag@Pd-Ag nanocubes (Fig-
ure 1B) can be brought together to form dimmers through
self-assembly by employing a proper molecular linker as the
“clip”. In this configuration, the gap region between the two
nanocubes with a distance of 1–3 nm can provide a SERS hot
spot for monitoring the catalytic reactions in situ by spec-
troscopy fingerprinting. This proposed bifunctional nano-
reactor shares the same operating principle as TERS (Fig-
ure 1D), but the volume of the nanoreactor can be much
larger than that allowed by TERS. Secondly, as demonstrated
for TERS (Section 3.4), further investigation is still needed to
understand the contribution of light to the metal-catalyzed
reaction. In particular, the interaction of light with metal
nanocrystals would potentially generate hot electrons from
the plasmonic metal to participate in the chemical reaction.
To this end, it is necessary to develop a dual-wavelength
SERS detection system to differentiate the probing of
chemical species from the light-induced processes. Thirdly, it
is important to develop new schemes for SERS detection. At
the moment, the success heavily relies on the chemical
binding of reactants to the surface of bifunctional nano-
crystals. Moving forward, the molecules should be placed on
the catalytic and plasmonic sites, preferably through physical
interactions to avoid any possible poising of catalytic sites. As
shown by Brus and Xu, the optical force associated with
surface plasmon resonance could be used to assemble Ag
nanoparticles to generate a gap as small as around 1 nm.[36,37]

They further demonstrated that a single molecule could be
trapped in the junction between two closely spaced nano-
particles. Based on this concept, relatively large dye mole-
cules, such as resazurin and R6G, could be trapped in the
nanoreactor formed between two Ag@Pd-Ag nanocubes,
upon the irradiation by a 532 nm laser used for SERS. In this
case, the dye molecules will only interact with the catalytic
surface weakly and temporarily. On average, however, there
should be enough molecules in the probe beam, making it still
feasible to follow their chemical reactions by SERS. Finally,
the feasibility of using these bifunctional SERS probes to
catalyze and probe chemical reactions in real-world applica-
tions is yet to be demonstrated and requires issues to be
addressed, such as structural instability under elevated
temperatures and pressures.
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In Situ Measurements
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Bifunctional Metal Nanocrystals for
Catalyzing and Reporting on Chemical
Reactions

SERS them right : Bifunctional nanocrys-
tals with integrated plasmonic and cata-
lytic activities hold great promise for
analyzing chemical reactions by in situ
surface-enhanced Raman spectroscopy
(SERS). This Minireview gives a brief
introduction to the general strategies for
designing such nanocrystals and there
use in the elucidation of reaction mech-
anisms and measurement of kinetics.
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